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Abstract A theory of thermoelectric phenomena in superfluid 4 He is developed. 
It is found an estimation of the dipole moment of helium atom arising due to elec- 
tron shell deformation caused by pushing forces from the side of its surrounding 
atoms. The corresponding electric signal generated in a liquid consisting of elec- 
trically neutral atoms by the ordinary sound waves is found extremely small. The 
second sound waves in superfluid 4 He generate the polarization of liquid induced 
by the relative accelerated motion of the superfluid and the normal component. 
The derived ratio of the amplitudes of temperature and electric polarization po- 
tential was proved to be practically temperature independent. Its magnitude is in 
reasonable correspondence with the experimental observations. The polarity of 
electric signal is determined by the sign of temperature gradient in accordance 
with the measurements. The problem of the roton excitations dipole moment is 
also discussed. 

PACS numbers: 67.10.-j, 67.25.-k, 77.22.Ej 



1 Introduction 

The interaction of electromagnetic field with superfluid A He is the subject of ex- 
perimental studies performed in recent years by A. S. Rybalko and collaborators. 
There were discovered two groups of phenomena. First, there was shown that the 
second sound waves as well the liquid flow produced by the torsion oscillator 
and characterized by the relative non stationary motion of normal and superfluid 
component are accompanied by the dynamic polarization of the liquid. 1 - 2 ' 3 - 4 The 
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inverse effect of second sound wave excitation by the periodic electrical polariza- 
tion of liquid was also observed. The experiments with the first sound show no 
electric signal even with high powers applied to the sound emitter. 

The second impressive finding was the discovery of resonant absorption of 
microwaves at the frequency, which corresponds to the roton minimum of the 
superfiuid helium excitation spectrum. 5 The inverse effect of generation of em 
radiation with roton frequency pumped by heat flow in the superfiuid helium has 
been detected. 6 ' 7 The following investigations have demonstrated the splitting of 
the roton resonance absorption line by the constant electric field.— 

The electric activity of neutral liquid consisting of helium atoms in ground 
state is quite astonishing property specific for the superfiuid state of 4 He. The 
observed effects are still unexplained although there were undertaken several at- 
tempts to interpret the experiments with second sound (see the recent paper by 
Tomchenko 9 and references therein) and the experiments with resonant em waves 
absorption at roton frequency—. 

Here we propose a theory of thermoelectric phenomena in superfiuid 4 He. It 
is shown that the electric signal generated in a liquid consisting of electrically 
neutral atoms by the ordinary sound waves is extremely small. On the other hand, 
the second sound waves in superfiuid 4 He can generate the polarization of liquid 
accessible to observation. It is caused by the relative accelerated motion of the su- 
perfiuid and the normal component. The relationship of amplitudes of temperature 
and electric potential oscillations is established. 

2 Dipole moment induced by electronic shell deformation 

The helium atom in the ground state do not possess a dipole moment. The atom 
dipole moment can arise due to the electronic shell deformation. Inside of liquid 
such a deformation is caused by the pushing force f acting on given atom electron 
shell from the side of its surrounding atoms. In presence of an electric field E the 
total potential energy of external forces acting on helium atom is 



where ri and r2 are the electron coordinates, r„ is the coordinate of nucleus and 
e > is elementary charge. One can pass to the coordinates of the electrons rel- 
ative to nucleus p l = r\ — r„ and p 2 = r 2 — r„, and the coordinate of centre of 
gravity R = [m e (ri +r2) +m n r n ]/ (2m e +m„). Performing this transformation we 
find that atomic Hamiltonian falls into the sum of two independent parts: the cen- 
tre of gravity Hamiltonian and the Hamiltonian of two electrons consisting of the 
unperturbed part and the potential of perturbation determined by the external elec- 
tric field and the force f acting on electrons 



The second term here is written in usual approximation that the electron mass is 
much smaller than the mass of nucleus m e <C m n . 

The atom dipole moment is given by the average of — e(pj + p 2 ) over the 
ground state wave function given by 



(f-eE)(ri+r 2 )-eEr, 



(1) 



H e =H + (eE-f)( Pl +p 2 ). 



(2) 



(^|( g E-f)( Pl +p 2 )|«Fi) 
Ei -E Q 



(3) 
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where Eq, E\ are the energies, and ff), W\ are the wave functions of the ground 
and the first excited states of helium atom in absence of perturbation. Here we 
neglect by admixture of higher excited states. The correction to the atom energy 

L\ — Lq 

where r at is the size of electron wave function of helium atom which is order of 
the hard core radius in the potential of interaction between two helium atoms. 
The linear in respect of electric field E term determines the atom dipole moment 
arising under the action of the force f 

2er 2 

d = -af, a*—^-. (5) 

Ei - Eq 

To estimate the numerical value of coefficient a we use r at « 2.7 Angstrom, (E\ — 
E Q ) w 20 eV and obtain a w 2.2 x 10" 14 CGSE units. 



3 First sound waves 

In the first sound waves each element of liquid moves with acceleration deter- 
mined by the local value of the pressure gradient 

a = -— = . (6) 

p dt p 

Here, p and j are the liquid denstity and density of current, and P is pressure. It 
does not mean, however, that the each atom electronic shell is deformed under the 
force ma, where m is the atom mass. Indeed, during a period of the sound wave 
each atom experience a lot of collisions with other atoms such that the most of time 
it moves by inertia. Hence, the average force of the electronic shell deformation is 
weakened roughly speaking in (OT times 

(OT 

fi ~ (OT in& = VP, (7) 

n 

where n = p jm is the number of helium atoms in the unit volume, ft) is the sound 
frequency and % is the interatomic collision time. In liquid it can be estimated as 
the inverse Debye frequency T « Wq 1 - 

The electric field inside of liquid caused by the polarization of its atoms is 

E = -AnnA = Anna i\ « -Ana cot VP. (8) 

One can estimate the sound wave pressure amplitude which is sufficient to create 
an electric signal of measurable value. The sensibility to the voltage signal C/ m! „ in 
measurements done by Rybalko group 1 was about 3 nanovolt. The corresponding 
pressure amplitude 

8p= Ujmn_ (9) 

AnaoT 
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is about several Atmospheres at sound frequency 100 MHZ . So, we see that the 
experimental registration of polarization generated by waves of ordinary sound is 
quite difficult task. 

To describe the polarization effects generated by the second sound waves we 
shall discuss first the polarization of atoms surrounding the single roton excitation. 

4 Roton dipole moment. 

Couple years ago A.S.Rybalko and coauthors 5 have revealed a resonant absorp- 
tion of microwaves at the frequency corresponding to the roton minimum in the 
superfiuid helium excitation spectrum. This finding was followed by the discovery 
of splitting of the roton resonance absorption line by the constant electric field—. It 
is proved directly proportional to applied electric field ±dE as if a roton excitation 
has definite or "quantized" value of dipole moment d f» 10~ 22 CGSE units. 

The explanation of the experimental observations has been proposed in the 
authors paper 10 . There was pointed out that the roton excitation can not possess a 
stationary dipole moment, however, "a roton has an instantaneous dipole moment, 
such that at any given moment one can find it in the state either with positive or 
with negative dipole moment projection on its momentum direction". Following to 
Onsager 11 and Feynman 12 hypothesis a roton was treated 10 as the vortex ring of 
atomic size. An atom passing through the ring center, first acquires a momentum of 
the order of inverse interatomic distance h /a from the surrounding atoms and then 
losses momentum returning it to them. The time dependent force corresponding 
to the periodic process of acceleration and deceleration of helium atoms passing 
through the vortex ring centre is estimated as 

where k r is the direction of roton momentum and g(t) = L«>i c n sin(0t is a peri- 
odic function with period T = 2n/(0 ~ ma 2 /h. Hence, according to relationship 
(01 a roton acquires the dipole moment 

d(t) = -ag(t)-^K. (11) 

ma 3 

Although the magnitude of dipole moment 

d = af = 0.7 x 10 _22 g(f) ed.CGSE (12) 

approximately coincides with the experimentally observed value 8 the theory— 
cannot be recognized as satisfactory. The point is that the roton has to be stationary 
formation whereas the proposed theory describes it as a non stationary object. 

In the papers by L.Reatto et al 1314 there was found the stationary variational 
many particle wave function of roton elementary excitation. It is characterized 
by the stationary inhomogeneous dipole like distribution of local atomic velocity 
v(r) inside of roton wave packet with size of couple interatomic distances. This 
type of atomic motion can be also thinkable as caused by a field of local forces 
f (r) = mVjVVj acting on atom in point r inside of wave packet region. Thus, each 
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roton is accompanied by distribution of dipole moments of atoms d(r) = — Off (r) 
in surrounding liquid. The total dipole moment of a roton wave packet is equal to 
zero 

/d(r)<* 3 r = 0. (13) 

This conclusion is certainly true for isolated roton which has zero group velocity 
in infinite liquid. Near the walls the roton wave packet is deformed and the roton 
acquires a dipole moment. Similar effect one can expect in presence of normal 
liquid acceleration in respect of superfiuid component that serves as an external 
field inducing ordering of the directions and changing of the magnitudes of dipole 
moments of atoms surrounding each roton. Hence, a relative superfiuid-normal 
liquids accelerated motion gives rise the roton dipole moment. 

This is apparently confirmed by the conservation laws consideration 10 . Indeed, 
the photon momentum is many orders less than the roton momentum, hence, the 
creation of a single roton by means of single photon absorption is possible only 
if the excess of momentum is absorbed by the liquid flow. It also makes possible 
the inverse process of the photons generation induced by the roton annihilation 
decelerating the relative superfiuid - normal liquids flow. The quantum transitions 
in the superfiuid liquid between the two states with the same energy but differ- 
ent momenta was considered by G.E.Volovik 16 . This process is accompaned by 
formation of semicircular quantized vortex near the wall of the container. 

The submillimeter em waves - roton excitation-absorption line 6 is much nar- 
row than the width of the roton absorption found in inelastic neutron scattering 
experiments. An explanation of this as well as the reason why the observed ro- 
ton dipole moment takes "quantized" values d « ± 10~ 22 CGSE units are still 
absent. 



5 Thermoelectric waves 

In the second sound waves the local equilibrium is established by the fast colli- 
sions in the gas of phonon-roton excitations. They results in slow relative acceler- 
ated motion of the superfiuid and the normal component . Unlike the first sound 
waves the latter is non-sensitive to the interatomic collisions and plays the role of 
an external field. We assume that an average dipole moment per atom induced by 
force related to the relative accelerated motion of the superfiuid and the normal 
components is 

(d) = -ah = -am ^ ( V Vn) = -m-VT (14) 
at p n 

Here, \ s and \„ are superfiuid and normal liquid velocities, p„ and S are the normal 
component and the entropy densities and T is temperature. The last equality in this 
formula is known equation of two fluid hydrodynamics 15 . 

In the second sound waves the electric field inside of liquid caused by the 
polarization of its atoms is 



E = -4nn{d) = 4nanf 2 = 4nap—VT 



(15) 
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The direction of this field coincides with direction of the temperature gradient in 
correspondence with experimental observations (induced negative charge moves 
to the hot wall ) 1 . The ratio of the amplitudes of temperature to the electric poten- 
tial is 

8T p„ 

C\fk\ 

8U ~ AnapS 

The experiment s 'i 2 ! 3 ' 4 have been performed in roton temperature region. Using 
the expression for the entropy and the normal component densities for the gas of 
rotons 15 one can rewrite this expression as 



8T _ 



8U l2nap(A+3T/2) 



(17) 



Here, po is roton momentum and A is the gap in the roton spectrum. The only tem- 
perature dependent combination in this equation is A (T) + 3T /2. In temperature 
interval 1.4 — l.SK where the measurements were performed 1 it changes from 
10. 8K to UK. It means that in this temperature interval 8T/8U is practically 
temperature independent that corresponds to the experimental observation 1 . 

To find the numerical value of the amplitudes ratio d 1 7b we take po/h — 1.93 
Angstrom and p = 0.1 25g /cm 3 and obtain 

This is about four times smaller than the experimentally found ratio 1 . The result 
is quite satisfactory in view of approximate estimation of a coefficient. 



6 Conclusion 

Based on simple idea of the atomic electron shell deformation a theory of thermo- 
electric phenomena in superfiuid 4 He is developed. The deformation arises due to 
the forces acting on the electron shell of given atom from the side of its nearest 
neighbours in presence of accelerated motion of liquid. In the first sound waves an 
atom accelerated motion is result of fast chaotic inter atomic collisions drastically 
decreasing the average local polarization of the liquid. In the second sound waves 
the local equilibrium is established by the fast processes of collisions in the gas 
of roton-phonon excitations. The slow relative accelerated motion of the super- 
fluid and the normal component plays the role of an external field non-sensitive 
to the interatomic collisions. The force of deformation proportional to the normal 
- superfiuid liquids relative acceleration causes the appearance of atomic dipole 
moments laying together in the macroscopic polarization. The ratio of the am- 
plitudes of temperature to the induced electric potential in temperature interval 
1.4 — 1.8 -ST proves practically temperature independent that corresponds to the 
experimental finding. Its magnitude is found in reasonable correspondence with 
the observations. 

The previously found estimation— of "instantaneous" value of roton dipole 
moment has the reasonable correspondence with experiments 8 . However, the time 
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average of this dipole moment is equal to zero as it should be for the roton consid- 
ered as stationary elementary excitation in superfluid 4 He. Unlike to a roton at the 
rest a roton accerated by the liquid flow acquires a dipole moment concentrated 
inside of its wave pocket having the size of the order several interatomic distances. 
According to experimental observation it seems that the roton dipole moment has 
fixed, or "quantized" values. The problems of "quantized" values of roton dipole 
moment as well as of quite narrow em radiation roton absorption line still remain 
to be solved. 



The polarization effects in superfluid 4 He certainly deserve of further experi- 
mental studies, those hopefully stimulate theoretical investigations of microscopic 
mechanism of polarization phenomena. 
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